Although linkage studies strongly suggest that proopiomelanocortin (POMC) alterations could play a role in the genetic predisposition to obesity, systematic POMC mutational analysis did not completely con®rm this hypothesis. OBJECTIVES: To verify the presence of mutations of the POMC coding region in Italian children with very early onset obesity. SUBJECTS AND METHODS: Eighty seven unrelated Italian obese children and adolescents were studied. Mean age at obesity onset was 4.7 AE 2.5 y. The POMC gene coding region was screened using single-strand conformation polymorphism (SSCP) analysis. Bi-directional automatic sequencing of PCR products was performed for all individuals who showed an aberrant SSCP pattern. RESULTS: Three new mutations have been identi®ed in the heterozygous state in three patients: (a) G3834C, resulting in the substitution of Ser with Thr at codon 7 within the POMC signal peptide; (b) C3840T, resulting in the substitution of Ser with Leu at codon 9 of the pre-proopiomelanocortin signal peptide; and (c) C7406G, producing the substitution of Arg with Gly at codon 236 within the b-endorphin peptide. A polymorphism consisting of a 9 bp insertion, AGC AGC CGC, between position 6997 and 6998 has been found at the heterozygous state in nine patients. They showed leptin levels adjusted for BMI, gender and pubertal stage signi®cantly higher than obese subjects homozyous for the POMC wild-type allele. CONCLUSIONS: Mutations in codons 7 and 9 of the signal peptide may alter the translocation of the pre-proopiomelanocortin into the endoplasmic reticulum and, therefore, can be implicated in obesity. Although further studies are required, the polymorphism between position 6997 and 6998 may represent one of the genetic variations that explain the linkage between obesity and POMC.
Introduction
Obesity is a major predisposing factor for several chronic diseases including coronary heart disease and non-insulin dependent diabetes mellitus (NIDDM). It arises from complex interactions between genetics and environment that alter the delicate mechanism regulating energy expenditure and food intake.
Analyses of twins as well as adopted children have shown that obesity has a considerable genetic component. 1, 2 However, despite great efforts its molecular pathogenesis remains largely unknown. 3 Proopiomelanocortin (POMC) is the precursor of a number of hormones and neuropeptides. It is cleaved speci®cally to yield peptides with different functions, such as adrenocorticotropin (ACTH), a-, b-and g-melanocyte stimulating hormone (MSH), b-lipotropin, and b-endorphin. 4, 5 Much evidence suggesting an in¯uence of POMC-derived hormones in weight regulation is accumulating rapidly. Reduced central nervous system leptin signaling during fasting or with genetic defects in leptin or its receptor lowers POMC-related mRNA levels in the mouse rostral arcuate nucleus. 6, 7 Exogen leptin reverses this effect by stimulating POMC gene expression via a pathway involving leptin receptors. 8 POMC-null mutant mice lost more than 40% of their excess weight when treated with a-MSH agonist, underlying a pivotal role for this peptide in regulating body weight. 9 Two genome-wide scans in Mexican American and in French obese populations revealed evidence for linkage to a region on chromosome 2p21, coinciding with the region containing the POMC gene. 10, 11 Recently, a genetic defect within the POMC gene that produces a monogenic endocrine disorder resulting in obesity, adrenal insuf®ciency and red hair pigmentation has been demonstrated in two obese patients. 12 Two subsequent studies involving German or Danish adolescents and young adults with a juvenile onset of obesity have shown different mutations in the POMC coding sequence, none of which demonstrated a de®nitive role in obesity. 13, 14 Although the degree of the heritability in the development of obesity during the ®rst years of life has not been formally established, it has been suggested that the magnitude of the genetic component of BMI decreases with age in both genders. 15, 16 Hence, patients with very early obesity may, at least potentially, have an enrichment of the genetic component determining this pathology. For this reason, we have performed a mutational screening of the coding region of the POMC gene in 87 Italian children with very early onset obesity. Three new mutations are reported. Two of them lie in the pre-proopiomelanocortin signal peptide. Furthermore, a previously described 9 bp insertion polymorphism placed between codon 99 and 100 has been found to be associated with elevated plasma leptin concentrations.
Materials and methods
Eighty-seven (47 girls) unrelated Italian obese children and adolescents (mean age 10.9 AE 3.0 y; range 4 ± 19 y) were included in the study. The mean of their Z-scores relative to BMI percentiles was 3.43 AE 1.9 (range 1.1 ± 8.3) and the average age at obesity onset was 4.7 AE 2.5 y (range 1 ± 11 y). Obesity onset was de®ned when BMI, retrospectively evaluated, exceeded the 97th percentile for sex and age according to reference values. 17 A blood sample was drawn for each patient after an overnight fast. The serum was frozen at 710 C until analyzed. A double-antibody radioimmunoassay (Human Leptin RIA Kit, Linco Research, St Charles, MO) for serum leptin measurement was used. The sensitivity cut-off for the leptin assay was 0.5 ngaml; the intra-and inter-assay coef®cients of variation were 10.8% and 7%, respectively. Leptin concentrations were adjusted for BMI using the reference ranges strati®ed according to gender and pubertal development as proposed by Blum et al. 18 The deviation from the mean reference value was evaluated by calculating the standard deviation scores (Z-scores).
Genomic DNA was collected from nucleated white blood cells. Ampli®cation of the POMC gene coding region was performed using three couples of primers and the condition previously described. 12 Polymerase chain reaction (PCR) products were screened using the single-strand conformation polymorphism (SSCP) analysis. In particular, denatured PCR products were electrophoresed in the Protean II vertical apparatus (Bio-Rad) through a 1.0 mm thick Hydrolink MDE TM gel at 350 V for 3 h with circulating water. Gels were silver stained and analyzed. Bi-directional sequencing of PCR products of all individuals who showed an aberrant SSCP pattern was performed with an automatic sequencer (ABI PRISM 310, Perkin Elmer, USA). Eighty lean children were used as controls.
Student's t-test was used to compare BMI, age of obesity onset and leptin standard deviation scores between obese children who were heterozygous for the 9 bp insertion allele or homozygotes for the wild allele.
Results
We identi®ed three mutations and one polymorphism by direct automatic sequencing of PCR products showing an aberrant SSCP pattern. Nucleotide positions are numbered according to Takahashi et al. 5 Amino acids positions are numbered according to Echwald et al.
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A missense mutation G3834C, AGC?ACC, resulting in the substitution of Ser with Thr at codon 7 within the POMC signal peptide, was detected in the heterozygous state in an 11-y-old obese boy who has been obese since he was 3 y old. BMI and leptin concentration for this patient and the other members of the family are reported in Figure 1 . The mutation was transmitted by the father.
A missense mutation C3840T, TCG?TTG, resulting in the substitution of Ser with Leu at codon 9 within the preproopiomelanocortin signal peptide, was found in the heterozygous state in a 15-y-old obese girl. Her obesity developed when she was 4 y old. Some clinical data for this family are shown in Figure 2 . The father (BMI 33.5 kgam 2 ; age 49 y) transmitted the mutation.
Another missense mutation C7406G, CGC?GGC, resulting in the substitution of Arg with Gly at codon 236 within the b-endorphin peptide was detected in the heterozygous state in a 10-y-old girl (Figure 3) . Obesity was noticed when she was 3 y old. The mutation was transmitted by the father. A previously described polymorphism, consisting of a 9 bp insertion, AGC AGC CGC, between position 6997 and 6998 and resulting in the insertion of three amino acids (Ser-SerGly) between codons 99 and 100 in the region of the 16K fragment carboxy-terminal to gamma-MSH, was recognized in the heterozygous state in nine out of 87 patients. The allele frequency of this 9 bp insertion was 0.051, like the frequencies (0.052 and 0.042) reported in two German study groups made up of obese and underweight patients, respectively. 13 A frequency of 0.054 has been found in 80 young lean controls screened for the presence of this polymorphism.
There was no appreciable difference in the age of obesity onset and BMI between children who were heterozygous for the polymorphic allele and those who were homozygous for the wild allele. When evaluating leptin production POMC molecular screening in Italian obese children E Miraglia del Giudice et al adjusted for BMI, gender and pubertal stage, heterozygotes showed signi®cantly higher leptin standard deviation scores (Table 1) .
Discussion
A considerable amount of evidence suggests a role for the POMC gene in the control of human appetite and body POMC molecular screening in Italian obese children E Miraglia del Giudice et al them, with the exception of the two unrelated patients described by Krude et al, 12 can readily be associated with the obese phenotype. Thus, mutational analysis has not completely con®rmed the hypothesis suggested by linkage studies.
Our screening of the POMC coding region resulted in the detection of three new missense mutations and in the identi®cation of a previously described polymorphism.
Two missense mutations produced the substitutions of Ser at codon 7 and Ser at codon 9 of the POMC signal peptide Figure 3 Pedigree with some clinical ®ndings and POMC sequencing of the child showing the C7406G mutation. Half-®lled symbols indicate the patients who are heterozygous for this mutation. The arrow indicates the site of the mutation. The base-substituted and the relative amino acid are underlined.
POMC molecular screening in
, respectively. They are the ®rst amino acid substitutions found in this region of the pre-proopiomelanocortin gene. Signal peptides have three domains, ie an aminoterminal positively charged region, a central, hydrophobic part (h-region), and a more polar carboxy-terminal domain. 20 The h-region, which consists of strings of leucine residues, is critical for insertion into the endoplasmic reticulum membrane, whereas the integrity of the N-tail and, above all, of the positively charged residues, is critical in orientating this insertion. 21 ± 23 Mutations in the signal peptides of other secreted hormones, such as vasopressin or parathyroid hormone, have been shown to produce the accumulation of the mutant preprohormones in the endoplasmic reticulum and to inhibit the transport to neurosecretory vesicles for further processing and secretion. 24 ± 26 Serines at codons 7 and 9 lie in the signal peptide N-tail. In particular, serine at codon 9 represents the last residue of the amino-terminal region. After it there is a long strech of 11 hydrophobic amino acids belonging to the hregion. The substitution of the hydrophilic serine with the hydrophobic leucine in this border region may have some effects on the topology of the pre-proopiomelanocortin, possibly disturbing the translocation of this protein into the endoplasmic reticulum.
The Arg236Gly substitution is located in a dibasic amino acid cleavage site which is essential in the processing of several of the POMC-derived peptides such as a or bendorphin as well as metenkephalin. 27 Two different mutations, Arg236Gln and Glu180Stop, both able to inhibit the synthesis of b-endorphin, have been reported at the heterozygous state in two obese patients. 13, 14 The potential relevance of these mutations is not easily understood. The role of opioid peptides, and especially variations in the concentration of b-endorphin, has been considered to be remarkable in the complex pathogenesis of obesity. 28 The 9 bp insertion (AGC AGC GGC) between codon 99 and 100 very likely occurred by slipped strand mispairing. 29 This appears to have an even distribution at least among Caucasians. The functional implication of the insertion of three amino acids (Ser ± Ser ± Gly) in the carboxyterminal portion of the 16K fragment is unknown. Although a small, but signi®cant, potentiation of corticosteroidogenesis elicited by ACTH has been demonstrated, 30 the exact function of the 16K fragment is currently unknown. This glycopeptide is highly conserved in vertebrates from amphibians to mammals and is likely to have a functional role. 31 In a previous work, among healthy underweight probands no differences in median leptin concentrations between heterozygotes and homozygotes for the wild-type allele were demonstrated. 13 When comparing Z-scores of leptin concentrations normalized for BMI, gender and pubertal stage we found higher values in the obese heterozygous subjects. These patients, therefore, seem to have a discrepancy between leptin synthesis (which is increased) and BMI, suggesting a relative leptin resistance.
A naturally deleted form of human proopiomelanocortin, characterized by three amino acid deletions (Ser ± Ser ± Gly) between residues 93 and 99, has been shown. The levels of expression of this variant, probably due to mRNA instability, was 5-fold decreased, suggesting that the integrity of this part of the 16K fragment could play a primary role in POMC synthesis. 32 A similar behaviour (ie reduced POMC synthesis) might be inferred for the allele with the 9 bp insertion, perhaps explaining the relative leptinresistancefoundinheterozygotes.
We conclude that (i) mutations in codons 7, 9 and 236 of the POMC coding region could be implicated in the genetic predisposition to obesity, and that (ii) the polymorphism characterized by the insertion of Ser ± Ser ± Gly between codon 99 and 100 may represent the genetic variation (or one of the genetic variations) able to explain the previously described linkage between obesity and POMC. POMC molecular screening in Italian obese children E Miraglia del Giudice et al
